INTRODUCTION
============

The tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) is a member of the tumor necrosis factor family, which includes Fas ligand and TNF-α. TRAIL triggers typical apoptotic signaling by binding to its receptors, death receptor 4 (DR4) and death receptor 5 (DR5), thereby recruiting a death-inducing signaling complex (DISC), which activates the caspase cascade [@B012]; [@B001]. Unlike Fas ligand and TNF-α, because TRAIL functions preferentially in tumor cells, TRAIL has attracted enormous interest for cancer therapy [@B004]. However, accumulating evidence has now shown that primary tumors are resistant to TRAIL-induced cell death through multiple mechanisms. For example, mutations in apoptosis regulatory proteins are occasionally found in various types of tumor cells [@B001]. In addition, dysfunction of death receptors and abnormal expression of anti-apoptotic proteins results in TRAIL resistance in tumor cells [@B037]. This phenomenon is understandable because TRAIL is now characterized as a part of the human immune system response against primary tumors, which implies that primary tumors have already evaded TRAIL. Thus, TRAIL alone is not effective in killing primary tumors. To overcome the resistance to TRAIL that develops in cancer cells, and to further understand the main mechanism underlying this resistance, numerous studies have been performed and suggest that combination therapy with specific agents significantly enhances the cytotoxicity of TRAIL in TRAIL-resistant cancer cells. For example, anti-cancer therapeutic agents such as histone deacetylase inhibitors and DNA-damaging agents, including VP-16 and CDDP, have the potential to treat various cancer types in combination with TRAIL [@B003]; [@B033]; [@B034]; [@B028].

Accordingly, we have previously identified several novel TRAIL sensitizers in TRAIL-resistant cancer cells [@B025]. In our present study, we investigated the effects of nemadipine-A as a TRAIL sensitizer. Nemadipine-A is similar to the class of anti-hypertension drugs that antagonize a particular type of calcium channel. Indeed, nemadipine-A was first identified as an antagonist of the α-subunit of L-type calcium channels in *C. elegans* [@B020]; [@B009]. Nemadipine-A induces morphological defects in egg laying in worms. However, the role of this agent in cell death and cancer therapy has not been elucidated. We found in our current experiments that nemadipine-A strongly potentiates TRAIL-induced apoptosis in TRAIL-resistant lung cancer cells via the down-regulation of the anti-apoptotic protein survivin.

MATERIALS AND METHODS
=====================

Cells and reagents
------------------

H1299 and A549 lung cancer cells were obtained from the American Type Culture Collection (ATCC). The cells were maintained in RPMI medium containing 10% FBS and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) Recombinant human TRAIL and zVAD-FMK were obtained from R&D Systems (Minneapolis, MN, USA). Nemadipine-A was obtained from Enzo Life Science (San Diego, CA, USA). Bafilomycin, and Necrostatin-1 were purchased from Sigma-aldrich (St. Louis, MO, USA). The previously validated siRNA that targets survivin (5'-GAAGCAGUUUGAAGAAUUA-3') [@B026] and negative scrambled siRNA (5'-CCUACGCCACCAAUUUCGU-3') were synthesized by Bioneer (Daejeon, Korea).

Cell viability and cell death assay
-----------------------------------

Cell viability was determined using a cell counting kit-8 (CCK-8) in accordance with the manufacturer's protocol (Dojindo Corporation, Japan). Briefly, cells incubated with a test compound in a 96-well plate received 10 μl of CCK-8 solution, and were then incubated for one hour in a CO~2~ incubator. The subsequent colorimetric change was measured using a Victor microtiter plate reader (PerkinElmer) set to monitor changes in absorbance at 450 nm. To determine cell death, the cells treated with indicated agents were stained with Annexin V and PI (BD Bioscience, San Jose, CA) and measured dead cells with NucleoCounter NC3000 (Chemometec, Denmark).

Western blotting analysis
-------------------------

All cells lysates were prepared with 2× Laemmli sample buffer (62.5 mM Tris-HCl, pH 6.8, 25% glycerol, 2% SDS, 5% β-mercaptoethanol, 0.01% bromophenol blue) (BioRad, Hercules, CA, USA). Proteins (approximately 50 μg) were measured by using the Bradford solution (BioRad) according to the manufacture's instruction. Then the samples were separated by SDS-polyacrylamide gel electrophoresis, and transferred to PVDF membrane (BioRad). After blocking with 4% skim milk in TBST (25 mM Tris, 3 mM 140 mM NaCl, 0.05% Tween20), the membranes were incubated over-night with specific primary antibodies. For the protein detection, the membranes were incubated with HRP-conjugated secondary antibodies (Pierce, Rockford, IL, USA). And the protein level was analyzed by densitometer (BioRad).

Antibody
--------

Anti-actin (MAB1501) antibody was obtained from Millipore (Temecula, CA, USA). Anti- Bcl-xl (\#2764), anti-Bax (\#2772), anti-Bik (\#4592), anti-Bak (\#6947), anti-p-AKT (\#9271), anti-ERK1/2 (\#9102), anti-p-ERK1/2 (\#9101), anti-Survivin (\#2803), anti-cleaved caspase-3 (\#9661), and anti-Mcl-1(\#5453) antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA); anti-DR4 (ab13890), anti-DR5, (ab47179), and anti-Noxa (ab13687) antibodies were purchased from Abcam (Cambridge, MA, USA). Anti-Bim (Sc-11425), anti-EIF2 (Sc11386), and anti-p-EIF2 (Sc-101170) antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-GRP94 (ADI-SPA-827) antibody was obtained from Enzo Life Science (San Diego, CA, USA). Anti-caspase-10 (IMG-4150) antibody was obtained from Imgenex (San Diego, CA, USA). Anti-p-p38 (AF869) antibody was purchased from R&D system (Minneapolis, MN, USA). Anti-XIAP (61062) antibody was obtained from BD Bioscience (San Jose, CA, USA). And the antibody against caspase-8 used in this experiment was generated in our laboratory [@B017].

Statistical analysis
--------------------

Data were obtained from least three independent experiments, and presented as means ± SEM Statistical evaluation of the results was performed with one-way ANOVA. Data represent ± standard error of the mean (SEM) from more than three independent experiments (n\>3).

RESULTS
=======

Nemadipine-A sensitizes H1299 lung cancer cells towards TRAIL-induced cytotoxicity
----------------------------------------------------------------------------------

Since TRAIL preferentially kills tumor cells, it has been developed as a promising anti-cancer agent. However, several types of cancer cells develop resistance to TRAIL-induced cell death. H1299 lung adenocarcinoma cells, are also resistant to the apoptotic effects of TRAIL, but the co-administration of nemadipine-A and TRAIL (Nema/TRAIL) in these cells resulted in notably increased cytotoxicity in a dose-dependent manner ([Fig. 1](#F001){ref-type="fig"}A). Moreover, activation of caspase-8 and caspase-3 were also synergistically enhanced in Nema/TRAIL-exposed H1299 cells. In contrast neither TRAIL alone nor nemadipine-A alone strongly activated caspase-8 or caspase-3 ([Fig. 1](#F001){ref-type="fig"}B). These results suggest that nemadipine-A sensitizes H1299 cells to TRAIL-induced cytotoxicity.

Although TRAIL is a well-known apoptosis inducer, previous evidences suggested that necrosis or autophagy is involved in TRAIL-mediated cell death [@B005]; [@B008]; [@B013]. Therefore, we questioned whether Nema/TRAIL-mediated cell death is apoptotic or not. We examined inhibition of cell death with specific chemical inhibitors such as zVAD (a pan caspase inhibitor), Bafilomycin (an autophagy inhibitor, which interferes with the maturation of autophagosomes to autolysomes), and necrostatin-1 (an inhibitor of necrotic cell death). H1299 cells were treated with Nema/TRAIL in the presence or absence of the inhibitor. Inhibition of caspases by zVAD treatment significantly reduced the Nema/TRAIL-induced cell death while bafilomycin or necrostatin-1 did not ([Fig. 2](#F002){ref-type="fig"}A). According to the cell death results, both caspase-8 and caspase-3 activation were only inhibited in zVAD-treated cells ([Fig. 2](#F002){ref-type="fig"}B), suggesting that combination of nemadipine-A with TRAIL induces caspase-mediated apoptotic cell death.

Survivin expression is down-regulated by nemadipine-A in lung cancer cells
--------------------------------------------------------------------------

TRAIL resistance can be occur at several steps in the cell death signaling cascade and can include several distinct mechanisms [@B024]. To investigate the responsible event for nemadipine-A-mediated sensitization, we further investigated the expression levels of proteins that regulate the TRAIL signaling pathway such as TRAIL receptors, the anti-apoptotic or pro-apoptotic Bcl-2 family proteins, and IAP protein ([Fig. 3](#F003){ref-type="fig"}A-C). Expression of TRAIL receptors DR4 and DR5 were not changed by nemadipine-A. In addition, several pro-apoptotic Bcl-2 proteins, including Bax, Bak, Bim, Bik, and Noxa, were not altered by nemadipine-A treatment. However, an anti-apoptotic protein, survivin, was remarkably decreased following the treatment of nemadipine-A alone or Nema/TRAIL, while Bcl-2, Bcl-xl, Mcl-1, and XIAP proteins were not altered. Down-regulation of survivin by nemadipine-A was further examined in A549 cells, another TRAIL-resistant lung cancer cell line ([Fig. 3](#F003){ref-type="fig"}D). These results suggested that survivin is a key mediator for the TRAIL-sensitizing effect of nemadipine-A in lung cancer cells.

![Nemadipine-A sensitizes TRAIL-induced cell death in lung cancer cells. (A, B) H1299 and A549 cells were treated with TRAIL (20 ng/ml) with increasing concentration of nemadipine-A (1 to 30 μM) for 8 hours. Cell viability and caspase activation were then determined using the CCK-8 assay. (C) H1299 cells were either untreated (Con.) or treated with TRAIL (20 ng/ml), nemadipine-A (Nema. (20 μM), or a combination of nemadipine-A and TRAIL for 8 hours. The cells were then harvested, and analyzed by western blotting with the indicated antibodies. Actin was used as an internal loading control. The protein levels were measured by densitometry analysis. The data were obtained from at least three different experiments, and are presented ± standard error of the mean (SEM), (n=3, \*\<0.05).](ooomb4-21-29-g001){#F001}

Depletion of survivin expression sensitizes TRAIL-induced cell death and the caspase cascade
--------------------------------------------------------------------------------------------

Survivin is a member of the inhibitor of apoptosis protein (IAP) family. Based on this notion, it was reported that suppression of survivin increased cell death in various cancer cells. Since we addressed that nemadipin-A decreases survivin expression in lung cancer cells, we further investigated the role of survivin in TRAIL-induced caspase activation as well as cell death. As shown in [Fig. 4](#F004){ref-type="fig"}, depletion of survivin by siRNA not only significantly increased TRAIL-induced apoptotic cell death but also remarkably increased caspase-3 activation compared with the control siRNA. Thus, down-regulation of survivin is responsible for enhancement or restoration of TRAIL sensitivity after nemadipine-A treatment in lung cancer cells.

ER stress and MAP kinases do not mediate the effect of nemadipine-A on TRAIL sensitization
------------------------------------------------------------------------------------------

Nemadipine-A was identified as a calcium channel antagonist in *C. elegance* and as an inducer of calcium homeostasis dysfunction that stresses the endoplasmic reticulum (ER) [@B020]. In addition, ER stress could potentiate TRAIL-induced apoptosis in cancer cells [@B010]; [@B038]. To investigate ER stress is involved in nemadipine-A-mediated TRAIL sensitization, we examined the known ER stress response proteins such as p-EIF2 and GRP94 following nemadipine-A treatment. As shown in [Fig. 5](#F005){ref-type="fig"}A, the expression of ER stress proteins and activity of ER stress marker proteins were not notably altered.

![Caspase inhibition suppressed nemadipine-A/TRAIL-induced cell death in H1299 cells. (A, B) H1299 cells were co-treated with TRAIL and nemadipine-A (T/N; 20 ng/ml and 20 μM respectively) with or without different cell death inhibitors (40 μM zVAD, 100 nM bafilomycin (Baf), 10 μM necrostatin-1 (Necro)). Cell viability and caspase activation were then analyzed by CCK-8 assay and western blotting. Values are the mean ± SEM (n=3, \*\<0.01, NS: not signicant).](ooomb4-21-29-g002){#F002}

It has been shown that AKT and MAPK signaling pathways are dysregulated in cancer cells and that these pathways are associated with their apoptotic responses to anti-cancer agents [@B011]. Recent studies also suggest that targeting these pathways can modulate TRAIL resistance in cancer cells [@B021]; [@B022]. Thus, we further investigated the effects of nemadipine-A or Nema/TRAIL on these molecules. Unlike previous results, these proteins were found not to be activated by nemapidine-A or Nema/TRAIL treatment ([Fig. 5](#F005){ref-type="fig"}B). These results suggest that neither ER stress nor dysregulated AKT or MAP kinase pathways are associated with TRAIL sensitization by nemadpine-A in H1299 cells.

![Nemadipine-A down-regulates survivin expression. (A-C) H1299 cells were treated with TRAIL (20 ng/ml), nemadipine-A (Nema., 20 μM), or with a combination of both agents for 8 hours. The cells were then harvested for western blotting. The expression of death receptors, anti-apoptotic proteins and pro-apototic Bcl-2 proteins were analyzed using the indicated antibodies. (D) A549 cells were treated with TRAIL (20 ng/ml), nemadipine-A (Nema., 20 μM), or a combination of both for 8 hours. Survivin expression was then determined by western blotting. The protein levels were measured by densitometry analysis.](ooomb4-21-29-g003){#F003}

DISCUSSION
==========

Since TRAIL is preferentially cytotoxic to tumor cells but not normal cells, it is considered to have strong potential as an anticancer agent. However, about 50% of tumor cell lines and the majority of primary tumors derived from cancer patients have shown resistance to TRAIL. Thus, overcoming this resistance will be an important step in any therapeutic strategies involving TRAIL [@B024]. Accumulating evidence indicates that a combination of chemotherapeutic drugs with TRAIL effectively enhances the cytotoxicity of TRAIL. In this study, we examined the effects of nemadipine-A, an L-type calcium channel blocker, on TRAIL-induced cell death in TRAIL-resistant cancer cells.

![Depletion of survivin expression potentiates TRAIL-mediated apoptosis. H1299 cells were transiently transfected with scrambled negative siRNA (Scram) or survivin specific siRNA (siSurvi). After three days, the cells were treated with TRAIL (20 ng/ml) for 10 hours. Then cell death was determined with Annexin V/PI staining (A). The cells were then harvested, and subjected to Western blot analysis with the indicated antibodies (B), (n=3, \*\<0.05).](ooomb4-21-29-g004){#F004}

![ER stress and MAP kinases are not associated with nemadipin-A-mediated TRAIL sensitization. (A, B) H1299 cells were treated with TRAIL (20 ng/ml), nemadipine-A (Nema., 20 μM), or a combination of both agents for 8 hours. The cells were then harvested for western blotting of ER stress response proteins (A) and activated MAP kinase and AKT proteins (B). The protein levels were measured by densitometry analysis.](ooomb4-21-29-g005){#F005}

Nemadipine-A was originally identified as a calcium channel antagonist, which can block L-type voltage gated calcium channel (VGCC)-mediated calcium influx in *C. elegans* [@B032]. VGCC channels have been associated with a large and sustained calcium entry and response [@B006]. Interestingly, Kaddour-Djebbar *et al*. showed that a combination of calcium channel blockers with TRAIL potentiates TRAIL-induced apoptosis. Inhibition of Na^+^/Ca^2+^ exchange by benzodiazepine CGP-37157 also synergistically increases TRAIL-induced apoptosis in prostate cancer cells [@B014]. Accordingly, we also found that nemadipine-A-sensitizes TRAIL induced cell death in lung cancer cells. An imbalance of Ca^2+^ homeostasis is related to ER stress and it has been reported that ER stress inducers such as tumicamycine and thapsigargine could sensitize cancer cells to TRAIL-induced apoptosis [@B010]; [@B038]. Thus, we examined the effect of nemadipin-A on ER stress response. However, nemadipine-A did not increase ER stress-response proteins, which suggests that it is not strongly associated with ER stress-mediated TRAIL sensitization. Nonetheless, further analyses regarding ER stress may help to elucidate the mechanism of nemadipine-A on TRAIL sensitization.

TRAIL resistance can occur in several steps such as receptor binding, formation of DISC complex, and caspase cascase in the apoptosis signaling pathway [@B019]; [@B024]. In our present study, in order to find the mechanism by which nemadipine-A overcomes TRAIL resistance, we examined several apoptosis-related proteins that function in the TRAIL response. Neither the TRAIL receptors DR4 and DR5, nor various proteins from the pro-apoptotic Bcl-2 family of proteins, including Bax, Bak, Bim, Bik, and Noxa, showed altered expression upon treatment with nemadipine-A alone or with a combination of nemadipine-A and TRAIL. In addition, the expression of several anti-apoptotic members of the Bcl-2 family of proteins such as Bcl-2, Bcl-xL, and Mcl-1 were also unchanged ([Fig. 3](#F003){ref-type="fig"}). However, the expression level of survivin was remarkably reduced in nemadipine-A treated cells. It has been well documented that the down-regulation of survivin by chemotherapeutic agents sensitizes cancer cells to TRAIL-induced apoptosis [@B018]; [@B023]; [@B030]. Consistently, we have also found that nemadipine-A potentiates TRAIL-induced apoptosis by reducing survivin expression. Although, the precise mechanisms are not clear, it was recently reported that survivin expression could be up-regulated by cellular calcium level [@B027]. Survivin is a member of the IAP family proteins, which are frequently highly expressed in cancer cells [@B031]; [@B002]. Survivin also regulates apoptosis and cell proliferation by interaction with the second mitochondria-derived activator of caspase (SMAC/Diablo), caspases, heat shock protein 90, and the chromosomal passenger complex [@B035]; [@B036]; [@B031]; [@B015]. Survivin is considered to be an attractive target for anti-cancer therapy because it shows low expression in most normal cells but high expression in cancer cells. In addition, survivin regulates cell proliferation and angiogenesis [@B016] as well as apoptosis, which are essential features for cancer treatment [@B007]. Moreover, the down-regulation of survivin enhances the response to multiple types of conventional cancer therapies [@B029]. For these reasons, several small molecules that target survivin are currently undergoing clinical trials [@B031]. We also demonstrated here that nemadipine-A sensitizes TRAIL-induced apoptosis by reducing survivin expression in TRAIL-resistant cells. Therefore, the targeting of survivin by nemadipine-A is a potential future therapeutic strategy for lung cancer.
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